Abstract: In order to preserve postoperative language function, we recently proposed a new intraoperative method to monitor the integrity of the dorsal language pathway (arcuate fasciculus; AF) using cortico-cortical evoked potentials (CCEPs). Based on further investigations (20 patients, 21 CCEP investigations), including patients who were not suitable for awake surgery (five CCEP investigations) or those without preoperative neuroimaging data (eight CCEP investigations including four with untraceable tractography due to brain edema), we attempted to clarify the clinical impact of this new intraoperative method. We monitored the integrity of AF by stimulating the anterior perisylvian language area (AL) by recording CCEPs from the posterior perisylvian language area (PL) consecutively during both general anesthesia and awake condition. After tumor resection, single-pulse electrical stimuli were also applied to the floor of the removal cavity to record subcortico-cortical evoked potentials (SCEPs) at AL and PL in 12 patients (12 SCEP investigations). We demonstrated that (1) intraoperative dorsal language network monitoring was feasible even when patients were not suitable for awake surgery or without preoperative neuroimaging studies, (2) CCEP is a dynamic marker of functional Additional Supporting Information may be found in the online version of this article.
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INTRODUCTION
The preservation of postoperative language function is essential and challenging for neurosurgeons. As a new intraoperative monitoring method of the dorsal language pathway, we have recently proposed electrophysiological tract-tracing using cortico-cortical evoked potentials (CCEPs) [Yamao et al., 2014] . Single-pulse electrical stimulation (ES) was applied directly to the cortex, and CCEPs were recorded from the remote cortex through cortico-cortical connections. In an extraoperative setting, this method has successfully delineated functional cortical networks, including language, and seizure propagation [Enatsu et al., 2013b; Enatsu et al., 2015; Koubeissi et al., 2012; Kubota et al., 2013; Lacruz et al., 2007; Matsumoto et al., 2004; Matsumoto et al., 2007; Matsumoto et al., 2012; Matsuzaki et al., 2013] . In our small pilot study [Yamao et al., 2014] , we demonstrated that (1) the CCEP connectivity pattern, when combined with preoperative neuroimaging studies, was able to map the anterior (AL) and posterior language area (PL) and (2) combined (highfrequency and single-pulse) white matter ES delineated both the function and cortical terminations of the "eloquent" dorsal language pathway (arcuate fasciculus; AF). Even in an intraoperative setting, the CCEP technique potentially has a new clinical application of mapping and monitoring of language network. However, some issues are still unclear in order to establish its clinical utility.
First, in our small pilot study, we demonstrated that the intraoperative CCEP technique was feasible and useful for patients, in the awake condition, in whom preoperative neuroimaging studies were performed fully. The recent development of diffusion tractography has enabled neurosurgeons to evaluate major white matter pathways in the preoperative state, for example, the pyramidal tract and the AF. However, as described in previous diffusion tensor tractography studies [Bizzi, 2009; Bizzi et al., 2012] , the preoperative AF tract can be dislocated or interrupted due to the brain edema or infiltration of the tumor. In addition, some patients with intramedullary metastatic brain tumors or with impairment of language function are not suitable for awake surgery [Kayama, 2012] . Therefore, we need to apply this electrophysiological technique in patients with poor preoperative neuroimaging studies (i.e., untraceable tractography) or who are not suitable for awake surgery. Second, from previous motor evoked potential (MEP) studies [Kombos et al., 2009; Macdonald, 2006; Saito et al., 2015] , a 50-80% amplitude decline seemed to be a cut-off value for longterm motor dysfunction. A small number of patients in our pilot study did not allow us to establish an appropriate cut-off value of CCEP amplitude for prediction of the long-term language outcome.
In order to evaluate clinical utility of CCEP, based on the further accumulation of investigations, the objective of the present study was (1) to monitor functional integrity of the AF intraoperatively, in patients with the preoperative untraceable AF tract or who are not suitable for awake surgery; that is, to demonstrate that the intraoperative CCEP connectivity pattern itself is able to delineate the AF, and (2) to establish a cut-off value of CCEP and subcortico-cortical evoked potential (SCEP) to prevent permanent language dysfunction due to impairment of the dorsal language pathway. 
MATERIALS AND METHODS

Subjects
We enrolled 21 consecutive patients with brain tumors located within or near the perisylvian language areas in the language-dominant left hemisphere between January 2011 and December 2013 from Kyoto University Hospital, and one patient in April 2014 from Sapporo Medical University Hospital. Three patients underwent repeated surgeries. Among 25 CCEP investigations, four investigations were excluded; in three investigations, the grid was removed due to clinical necessity and in one case, the primary purpose of surgery was biopsy. A total of 21 CCEP investigations in 20 patients (mean age 45.0 years, ranging from 16 to 72; 11 males and 9 females) were included for further analysis. Language dominance was defined by the handedness or Wada test (18 patients), which was performed using intra-carotid infusion of propofol [Takayama et al., 2004] . The details of patient demographics are shown in Table I ; Patients 1-6 are reported elsewhere [Yamao et al., 2014] .
As a method for evaluation of clinical efficiency of intraoperative CCEP monitoring, language function was evaluated with the Japanese version of the Western Aphasia Battery (WAB) before and after surgery. Postoperative evaluation was performed within six weeks after surgery. For those who showed further language impairment at the postoperative evaluation, follow-up evaluation was performed within six months after surgery [Yamao et al., 2014] .
In 16 out of 21 investigations, awake craniotomies were performed. A craniotomy exposing the distal end of the Sylvian fissure, the frontal operculum, and the posterior part of the superior (STG) and middle temporal gyri (MTG) was performed under general anesthesia [Maldonado et al., 2011] . Five investigations (four patients; Patients 17-20) were performed under general anesthesia only, using either propofol or sevoflurane, due to metastatic tumor (Patients 17 and 18) or preoperative language dysfunction (Patients 19 and 20) . Informed consent was obtained from all patients, and the present study was approved by the ethics committees of the two institutes (C573 and 23-161).
Language Mapping and Preservation
As reported previously [Yamao et al., 2014] , we aimed to map and monitor the intraoperative dorsal language pathway by using high-frequency (50 Hz) and single-pulse (1 Hz) ES, in the following order:
1. Before surgery, we tentatively localized the language cortex and the underlying white matter pathway (AF) using functional magnetic resonance imaging (fMRI) and probabilistic diffusion tractography. 2. After craniotomy, under general anesthesia, strip or grid-type subdural electrodes were placed on the ventrolateral frontal and lateral temporoparietal cortices. The area of electrode placement was determined according to the presurgical neuroimaging studies.
Under general anesthesia, we applied single-pulse ES (1 Hz, square-wave pulse of alternating polarity, 0.3 ms duration, 10-15 mA, two sets of 30 stimuli) to cortices around the AL that was localized based on anatomical criteria or using fMRI. We considered a large CCEP response with an N1 peak in the lateral temporoparietal area (not including the postcentral gyrus) to represent the dorsal language pathway . Based on the CCEP distribution in the lateral temporoparietal area, namely, CCEP connectivity, we determined the stimulus site (i.e., the putative AL). The integrity of the dorsal language pathway was then evaluated by online sequential CCEP AL!PL monitoring during surgical procedures at 10-15 min intervals (the same stimulation parameters that we used to identify the CCEP connectivity, as mentioned above). To identify the bidirectional connection between the AL and PL, we applied single-pulse ES to the electrode where a large CCEP AL!PL response was recorded in the lateral temporoparietal area, and recorded CCEP PL!AL from the ventrolateral frontal area in 13 investigations (12 patients). 3. In the awake craniotomy, language assessment with batteries and CCEP recordings were sequentially performed at 5-15 min intervals (the same stimulation parameters that we used to identify the CCEP connectivity, as mentioned above). High-frequency ES (50 Hz, square-wave pulse of alternating polarity with a pulse width of 0.3 ms, 3-5 sec, 7-15 mA) was applied to the frontal stimulus site (the putative AL) to confirm its language function. Only stimulation trials where the findings were reproducible without afterdischarges were evaluated. We strictly distinguished language impairment from the negative tongue motor response [Yamao et al., 2015] .
4. After tumor resection, we applied high-frequency (50 Hz) ES to the floor of the removal cavity in eight patients. We also applied single-pulse ES to the removal floor and recorded subcortico-cortico evoked potentials (SCEPs) from the ventorolateral frontal area and the lateral temporoparietal area in 12 patients (12 SCEP investigations). We could not perform subcortical high-frequency or single-pulse ES in all patients due to clinical limitations.
A 32-channel intraoperative monitoring system (MEE 1232 Neuromaster, equipped with MS 120B electrical stimulator; Nihon-Kohden, Tokyo, Japan) was used to deliver electric currents and to record CCEPs and raw electrocorticograms (ECoGs). The reference electrodes were placed on the skin over the contralateral mastoid process. The bandpass filter for data acquisition was set at 0.5 or 1-1500 Hz with a sampling rate of 5000 Hz.
Display and Analysis of CCEP/SCEP
The onset, peak latency, and amplitude of N1 were measured as reported previously Yamao et al., 2014] . In order to illustrate the distribution of each activity over the cortices, a circle map was employed based on the amplitude percentage distribution, in which the diameter of the circle at each electrode represented the percentile to the maximal amplitude of that particular activity (see Figs. 2-4). As intraoperative MRI was not performed, the placement of electrodes and the subcortical stimulus sites were identified based on operative visual inspection and neuronavigation data.
CCEP amplitude was continually monitored in comparison with the largest CCEP amplitude recorded immediately after the patients became fully awake [Yamao et al., 2014] . In the case of patients performed under general anesthesia only, baseline CCEP amplitude was adopted immediately after sequential monitoring started.
In order to exclude the influence of intraoperative artifacts, CCEPs and SCEPs were also analyzed offline in MATLAB (Mathworks, Inc., Natick, MA) by averaging ECoGs time-locked to the stimulus onset (analysis window: 2100 to 1500 ms, baseline: 2100 to 25 ms).
MRI Data Acquisition and Data Analysis
Diffusion-weighted images (DWI), fMRI, and T1 weighted anatomical images were acquired on a 3-Tesla scanner before surgery, with DWI and T1 weighted anatomical images after surgery. Preoperative language fMRI was performed using either the Japanese "Shiritori" word generation task, reading task, or both [Yamao et al., 2014] . Due to the machine trouble of the MRI scanner or the metallic artifact of ventriculoperitoneal shunt system, no preoperative neuroimaging studies were performed in three r Yamao et al. r r 1980 r patients (Patients 11, 19, and 20) , or no postoperative neuroimaging studies in three (Patients 11, 13 and 19) .
Functional data were analyzed by FMRIB Software Library (FSL; www.fmrib.ox.ac.uk/fsl) [Smith et al., 2004] and Statistical Parametric Mapping (SPM) 8 (Wellcome Trust Centre for Neuroimaging, London, UK; www.fil.ion. ucl.ac.uk/spm), as reported elsewhere [Oguri et al., 2013] . Statistical maps comparing the language task and rest were calculated at a threshold of P < 0.001 (uncorrected).
The AF was reconstructed by using placing two regions of interest (hereafter referred to as the AF tract) [Catani et al., 2005; Matsumoto et al., 2008; Wakana et al., 2007] . Probabilistic diffusion tractography was drawn using tools from FSL, as reported elsewhere [Oguri et al., 2013; Yamao et al., 2014] .
The details of the MRI parameter and fMRI task are shown in the supporting information.
Validation of the CCEP Stimulus and Response Sites
As reported previously [Yamao et al., 2014] , we defined the CCEP results as consistent when the distance between the stimulus/response site (either electrode between a pair) and either the fMRI activation area or the cortical termination of the AF was within 7 mm [Conner et al., 2011] . As for the CCEP/SCEP response site, electrodes showing 20% of the maximum response were defined as CCEPpositive electrodes, and used to validate the results of the noninvasive test. The Fisher exact test was used to compare the consistency between the fMRI activation areas and the frontal stimulus/temporoparietal response sites. P values <0.05 were considered statistically significant. Statistical analyses were performed with JMP software (version 11, SAS Institute Inc., Cary, NC).
RESULTS
CCEP Connectivity Pattern between the Perisylvian Language Areas
Single-pulse ES was delivered under general anesthesia to the candidate cortices for the frontal stimulus site (mean electrode pairs; five per patient, ranging from two to 10). In all investigations, CCEPs were successfully recorded from the lateral temporoparietal area. Among all 143 CCEP response sites, CCEPs AL!PL were recorded from the STG (60 sites), MTG (57 sites), and the inferior temporal gyrus (ITG, 17 sites), as well as the angular and the supramarginal gyri (AG/SMG, nine sites). The 16, 10, 3, and 1 electrodes showing 80% of the maximum CCE-P AL!PL response were located at the STG, MTG, ITG, and AG/SMG, respectively (red circles in Fig. 1A , Table II ). In three patients (Patients 11, 19 , and 20) without preoperative neuroimaging studies, frontal CCEP AL!PL stimulus sites corresponded well to those in patients with full preoperative neuroimaging studies (yellow circles in Fig. 1A) .
In order to evaluate the bidirectional connections between the AL and PL, single-pulse ES was delivered at electrodes showing 80% of the maximum CCEP AL!PL response in the lateral temporoparietal area in 13 investigations (12 patients). Waveforms obtained from a representative case (Patient 18) are shown in Fig. 2 . Among the 58 CCEP PL!AL response sites, CCEPs PL!AL were recorded from the inferior frontal gyrus (IFG) pars opecularis (24 sites), the IFG pars triangularis (20 sites), the IFG pars orbitalis (three sites), and the middle frontal gyrus (MFG, 11 sites). In all 13 investigations, the CCEP PL!AL response sites included the frontal CCEP AL!PL stimulus site: 12 and seven electrodes in IFG pars opecularis and triangularis, respectively (black and blue circles in Fig. 1B , Table III ). Of note, in eight of 13 investigations (61.5%), the electrodes showing 80% of the maximum CCEP PL!AL response were consistent with the frontal CCEP AL!PL stimulus site (blue circles in Fig. 1B , Tables III  and IV) .
In all 10 patients, who had no preoperative language impairment and were awakened fully during surgery, the frontal stimulus site was confirmed as the core AL by highfrequency ES (Table IV) ; speech arrest was observed with the picture naming task in eight patients (Patients 1, 4, 5, 6, 9, 10, 14, and 16), and slowing of speech in two (Patients 2 and 3). In Patient 9, the core AL was confirmed by preoperative high-frequency ES using chronically implanted subdural electrodes.
As for the localization of the AL and PL, there were general correspondences (62.5-90.9%) between CCEP (stimulus and response sites) and preoperative anatomical (cortical terminations of tractography) or functional (fMRI activation loci) neuroimaging findings (see details in Table  V and Supporting Information Table) . The positive rate of fMRI activation areas in the PL using the reading task was higher (90.9%) than by using the Shiritori task (62.5%), but did not reach statistical significance (P 5 0.17).
Intraoperative CCEP Monitoring and Functional Outcome
In all patients, online CCEP AL!PL monitoring was performed successfully using either sevoflurane or propofol, without provoking clinical seizures or ECoG seizure patterns. Only in Patient 8, online sequential CCEP PL!AL monitoring was performed due to the tumor location near AL. In Patient 12, because the maximum CCEP response was recorded from the postcentral gyrus, CCEP monitoring was performed on the CCEP response electrodes in the temporal lobe, which was spatio-temporally discrete from the maximum CCEP response in the postcentral gyrus.
In seven patients (Patients 7, 8, 11, (17) (18) (19) (20) ; eight investigations), the preoperative AF tract could not be traced successfully due to brain edema (Patients 7, 8, 17, and 18) In all seven patients (eight investigations), online CCEP AL!PL monitoring was performed successfully. In all four patients without the preoperative AF tract due to brain edema, preoperative fMRI activation was consistent with either AL, PL, or both (Supporting Information Table) . Of note, the postoperative AF tract became traceable (Fig. 3A , Table  IV) , and the cortical termination of the postoperative AF tract was consistent with both frontal stimulus and temporoparietal response sites. In other three patients (Patients 11, 19, and 20 ; four investigations) without preoperative MRI scan for neuroimaging studies, postoperative MRI scan was available only in Patient 20, and the postoperative AF tract was traceable and consistent with both frontal stimulus and temporoparietal CCEP response sites. In all seven patients, no further language dysfunction developed after surgery.
In 15 patients (16 investigations), including seven patients (Patients 7, 8, 11, (17) (18) (19) (20) mentioned above, N1 amplitude increased by an average of 24.1% (ranging from 2.2 to 68.6%) after tumor removal (see representative Fig. 3A,B) . As for the N1 latencies, the onset latency changed by an average of 20.3 ms (ranging from 23.4 to 11.8 ms), and the peak latency changed by an average of 1.6 ms (ranging from 21.4 to 17.2 ms). In all, postoperative language function was preserved, and postoperative conventional MRI revealed the reduction of brain edema or mass lesion. Conversely, in other five patients (five investigations; Patients 2, 4, 13, 15, and 16), N1 amplitude decreased by an average of 27.5% (ranging from 9.8 to 51.5%). As for the N1 latencies, the onset latency changed by an average of 0.6 ms (ranging from 20.6 to 11.2 ms), and the peak latency changed by an average of 20.8 ms (ranging from 21.6 to 0 ms). Four patients (Patients 4, 13, 15, and 16) showed further language impairment immediately after surgery. As reported previously [Yamao et al., 2014] , Patient 4 had a 32.0% decrease and showed phonemic paraphasia immediately after surgery. She had recovered fully Intraoperative CCEP AL!PL (A) and CCEP PL!AL (B) distribution maps during general anesthesia (Patient 18). A: In the left-upper panel, the preoperative AF tract was untraceable. In the rightupper panel, the anterior and posterior perisylvian language cortices defined by fMRI using the Shiritori word generation (dark yellow) and reading task (blue) are shown in comparison with the subdural electrodes. Only the activation areas outside the preand post-central gyri are shown for clarity. The diameter of the circle at each electrode represents the percentile to the largest amplitude at the maximum CCEP AL!PL response site (A01). Note that the frontal CCEP AL!PL stimulus (a black pair of electrodes) and temporoparietal CCEP AL!PL response site corresponded with the anterior and posterior language areas, respectively, as defined by fMRI. The lower panel shows the N1 waveform. The CCEP AL!PL is primarily distributed over the posterior part of the superior, middle, and inferior temporal gyri (the maximum is at Electrode A01 in the inferior temporal gyrus). B: In the upper panel, the CCEP PL!AL distribution with a circle map is shown. The lower panel shows the N1 waveform. Note that the frontal CCEP AL!PL stimulus site (B07) corresponded with the maximum CCEP PL!AL response site. Note that CCEP waves were displayed with the window: 230 to 1300 ms for the purpose of visualization, although CCEPs were analyzed offline with analysis window: 2100 to 1500 ms and baseline: 2100 to 25 ms. n.a.: not available due to high impedance in the recording electrode. [Color figure can be viewed at wileyonlinelibrary.com] r Intraoperative Dorsal Language Network Mapping r r 1983 r three months after surgery. In Patient 13, the preoperative subcategory score for verbal fluency (the word recall task) was 17/20. N1 amplitude decreased from 233 to 158 lV (232.0%) after tumor resection. Because the patient did not awaken well during surgery, we were unable to evaluate intraoperative language function. She showed a decline in verbal fluency immediately after surgery (the word recall task: 7), but recovered four months after surgery (the word recall task: 17). The repetition task score was preserved before and after surgery (the repetition task of WAB: 10/10). Unfortunately, her postoperative DWI scan was not available due to MRI machine trouble. In Patient 15, N1 amplitude decreased from 121 to 58 lV (251.5%) after tumor resection (Fig. 3C) . He had phonemic paraphasia (e.g., "Sendaku" instead of "Sentaku," which means washing in Japanese) preoperatively, but did not show severe disturbance of repetition [the repetition task (word or sentence) of WAB: 9.2/10]. We could not apply highfrequency ES, because he did not become fully awake during surgery. He developed further phonemic paraphasia and impairment of repetition immediately after surgery (the repetition task: 3.3). The postoperative AF tract became untraceable (Fig. 3C ), and his symptoms had continued until the final follow-up (4 months after surgery; the repetition task: 5.2). In Patient 16, N1 amplitude decreased from 446 to 403 lV (29.8%) after left standard anterior temporal lobectomy including tumor resection. She had disturbance of naming preoperatively (the naming task: 6.2/10), but she developed further naming disturbances and semantic paraphasia (e.g., "Spoon" instead of "Fork") during and immediately after surgery (the naming task: 2.7), and this symptom continued until the final follow-up (six months after surgery; the naming task: 2.6). Repetition was preserved (the repetition task: 9/10), and the postoperative AF tract remained traceable.
The overall results are summarized in Tables I and IV,  and Supporting Information Table. 
Intraoperative Subcortical Stimulation Findings and the Postoperative AF Tract
In four (Patients 3, 4, 5, and 9) of eight patients, in whom high-frequency ES was performed to the removal floor, language impairment was elicited in the picture naming task; arrest of naming in Patients 3, 4, and 9, and slowing in Patient 5. Judging from intraoperative visual inspection and postoperative neuroimaging studies, in these four patients, the distance between stimulus sites and the postoperative AF tract was within 5.0 mm (3.0, 1.4, 2.8, and 4.1 mm, respectively). In other four patients (Patients 1, 6, 10, and 14) who did not show naming impairment, the distance was over 8.0 mm (14.9, 11.2, 8.1, and 18.1 mm, respectively).
In seven of 12 patients, in whom single-pulse ES was performed to the removal floor, SCEPs were recorded both at the ventrolateral frontal area (the putative AL) and temporoparietal area (the putative PL). As reported previously [Yamao et al., 2014] , in three patients (Patients 3-5), the sum of SCEP N1 onset latencies (SCEP WM!AL 1 SCEP WM!PL ) approximately corresponded with the CCEP AL!PL N1 onset latency (the difference of latencies; 0.8, 0.4, and 0.6 ms, respectively). A similar tendency (SCEP WM!AL 1 SCEP WM!PL CCEP AL!PL ) for the N1 onset latencies was observed in Patient 15 [14.0 ms (sum of SCEPs) vs. 12.4 ms (CCEP AL!PL ), the difference; 1.6 ms, see Fig. 4 ], but not in Patient 6 (9.8 ms vs. 13.0 ms, the difference; 3.2 ms), Patient 14 (17.4 ms vs. 11.2 ms, the difference; 6.2 ms), and Patient 17 (20.0 ms vs. 13.8 ms, the difference; 6.2 ms). In three patients (Patients 3-5) who showed good correspondence of N1 onset latencies between CCEP and SCEPs, the distance between the stimulus site and the AF tract was within 3.0 mm (3.0, 1.4, and 2.8 mm, respectively), while in other three patients (Patients 6, 14, and 17) without correspondence of N1 onset latencies, the distance was over 8.0 mm (11.2, 18.1, and 8.1 mm, respectively). In five of 12 patients (Patient 1, 7, 10, 16, and 18) , in whom SCEPs were recorded neither at the ventrolateral frontal area, temporoparietal area, nor both, the distance was over 7.0 mm (14.9, 10.4, 8.1, 8.4, and 7 .1 mm, respectively). Of note, in only four patients (Patients 3-5 and 15) who showed good correspondence of N1 onset latencies between CCEP and SCEPs, both frontal CCEP AL!PL stimulus sites and the maximum CCEP AL!PL response sites corresponded with SCEP WM!AL and SCEP WM!PL response sites (>20% of the maximum response), respectively.
The overall results are summarized in Table VI . 
DISCUSSION
Based on further investigations, we attempted to clarify the clinical impact of this new intraoperative method and demonstrated that (1) intraoperative dorsal language network monitoring is feasible even when patients were not suitable for awake surgery or when preoperative neuroimaging studies were incomplete, (2) CCEP is a dynamic marker of functional connectivity or integrity of the AF, and CCEP N1 amplitude could even become larger after reduction of brain edema, (3) a 50% CCEP N1 amplitude decline might be a cut-off value to prevent permanent language dysfunction due to impairment of AF, (4) when the sum of SCEPs N1 latencies is comparable to CCEP AL!PL N1 onset latency (<2.0 ms difference), the subcortical stimulus site is close enough (<3.0 mm) to the AF.
Clinical Relevance of Intraoperative CCEP Monitoring
After propofol was used in awake craniotomy in the early 1990s [Silbergeld et al., 1992] , awake surgery has become the gold standard for direct monitoring of intraoperative language functions with using direct cortical and subcortical ES [Duffau et al., 2002; Kamada et al., 2007] . Recent development of diffusion tractography has visualized the subcortical language pathway such as the AF tract [Catani et al., 2005] . However, surgeons cannot fully evaluate intraoperative neurological examinations when the patient has preoperative language dysfunction [Kayama, 2012; Nossek et al., 2013] . In a previous diffusion tensor tractography study with glioma in the ventrolateral frontal region [Bizzi et al., 2012] , the AF tract was dislocated in 42%, and interrupted in 32%. In the present probabilistic diffusion tractography study, in four of 17 patients (23.5%) on whom preoperative MRI scans for neuroimaging studies were performed, the preoperative AF tract was untraceable. In addition, in three patients, no preoperative MRI scans for neuroimaging studies were performed due to MRI trouble or metallic artifact. Even in all these seven patients (Patients 7, 8, 11, (17) (18) (19) (20) ; eight investigations), intraoperative CCEP monitoring was feasible, and no patients had further language dysfunction. Of note, four (Patients 17-20; five investigations) of these seven patients underwent surgery only under general anesthesia. In five of seven patients, postoperative MRI scan for neuroimaging studies was available. In all these five patients, the postoperative AF tract became traceable, and the cortical termination of the postoperative AF tract was consistent with both frontal stimulus and temporoparietal CCEP response sites. These results suggest that even if patients are not suitable for awake surgery and/or preoperative neuroimaging studies are not performed fully, the intraoperative CCEP connectivity pattern itself is able to delineate the dorsal language network without high-frequency ES, and CCEP monitoring is clinically useful in the preservation of language function.
In four patients (Patients 7, 8, 18, and 19) with the preoperative untraceable AF tract, intraoperative electrophysiological tract-tracing was possible, and the postoperative AF tract became traceable. It is likely that the brain edema resulted in decreased fractional anisotropy in the preoperative state. As a result, the preoperative AF tract could not be reconstructed although the tract itself remained functional, as was the case in Bizzi [Bizzi, 2009] . Additionally, in 16 investigations including these four patients, N1 amplitude increased during surgery. This finding indicates that CCEP is a dynamic marker of functional connectivity and that the functional integrity of the AF is reversible when the brain edema is alleviated by tumor removal. Therefore, the untraceable preoperative AF tract does not always indicate the disrupted connection, and in this regard, intraoperative CCEP monitoring is considered more clinically valuable in detecting and monitoring the subcortical language pathway.
We applied single-pulse ES to the electrode in the lateral temporoparietal area and the CCEP PL!AL response was successfully recorded from the frontal stimulus site in all 13 investigations. Although the study of CCEP PL!AL was not performed in all subjects, the connection between the two areas appears to be bidirectional in an intraoperative setting, as reported in an extraoperative setting . The electrodes showing 80% of the maximum CCEP PL!AL response were consistent with the frontal CCEP AL!PL stimulus site (blue circles in Fig. 1B , Table IV ) only in eight of 13 investigations (61.5%). This is probably due to (1) the different degree of convergence between the two directions (more convergent projection from the PL to the AL but relatively more divergent projection from the AL to the PL) , or (2) a possible functional shift of the PL outside the directly connected cortical region [Enatsu et al., 2013a] . We recognize that we did not perform high-frequency ES in the temporoparietal area in the present study; further ES studies combined with other methodologies will help to detect PL areas. Although only a small number of investigations including our case (Patient 8) were reported [Saito et al., 2014; Tamura et al., 2016] , intraoperative dorsal language network monitoring by CCEP PL!AL may be clinically useful, depending on the tumor location. No patients with a CCEP N1 amplitude increase had further language dysfunction after surgery in our series. A decrease in N1 amplitude by less than 50% led to transient language impairment, except for one case (Patient 16). As reported previously [Yamao et al., 2014] , Patient 4 had a 32.0% decrease and showed transient phonemic paraphasia probably due to the partial resection of the SMG. Patient 13 with a 32.0% decrease had a decline in verbal fluency, but repetition was preserved. Her transient postoperative symptoms were most likely due to partial resection of the IFG or subcortical resection just beneath the cortex. In Patient 15 with a 51.5% decrease, the disturbance of repetition and phonemic paraphasia continued until the final follow-up. The CCEP and SCEP findings provided evidence that the surgical procedure invaded the AF. The cortical language areas detected by preoperative fMRI study were spared (no activation at the removed part of the SMG where the tumor invaded), while the postoperative AF tract became untraceable. According to recent studies [Catani et al., 2005; Fridriksson et al., 2010; Hickok and Poeppel, 2004; Maldonado et al., 2011] , conduction aphasia is defined as impaired repetition and phonemic errors with relatively spared spontaneous speech Only patients in whom subcortical electrical stimulation was performed were shown. [Poncet et al., 1987; Yamada et al., 2007] . Judging from the neuroimaging and electrophysiological findings, our rare case (Patient 15) further supports the substantial role of the AF in generating conduction aphasia.
In previous intraoperative MEP studies [Kombos et al., 2009; Macdonald, 2006; Saito et al., 2015] , a 50-80% amplitude decline seemed to be the critical limit for long-term motor dysfunction. By way of analogy to MEP, a 50% N1 amplitude decline might be an appropriate cut-off value to preserve the dorsal language pathway, but this study did not yield a clear cut-off value due to a limited number of participants. In Patient 15, CCEP N1 amplitude declined by 51.5% (not 100%), and SCEPs were able to be recorded both at the ventrolateral frontal area and temporoparietal area, although the postoperative AF tract became untraceable and language dysfunction continued until the final follow-up. This suggests that (1) the AF may not be completely cut-off, and recovery from symptoms may proceed more slowly, as previously reported in another intraoperative CCEP study (recovery in 15 months) although the details of language assessment were not available [Saito et al., 2014] , and/or (2) the remaining CCEP responses may reflect those conveyed through the ventral language white matter pathway. Actually, in Patient 16 who underwent standard anterior temporal lobectomy including tumor resection, although the CCEP N1 amplitude decreased only by 9.8%, the patient developed semantic paraphasia and disturbance of naming. Her postoperative symptoms were most likely due to disturbance of the ventral language pathway, such as the inferior frontooccipital fasciculus [Martino et al., 2010] or the resection of the anterior temporal cortices Visser et al., 2010; Visser and Lambon Ralph, 2011] . Further studies are warranted to define and evaluate other subcortical language pathways, including the ventral pathway.
In a previous study, combining diffusion tractography and ES [Kamada et al., 2007] , 6 mm between the subcortical stimulus site and the AF might be a "safe distance" for resection. In this study, when high-frequency ES to the floor of the removal cavity elicited language impairment (four patients), the distance between the subcortical stimulus site and the AF tract was within 5 mm. As for the comparison of N1 onset latencies between SCEPs and CCEP AL!PL , when the sum of SCEP N1 onset latencies approximately corresponded with the CCEP AL!PL N1 onset latency (within 1.0 ms, three patients), the distance was within 3 mm. In the Patient 15, in whom the surgical procedure invaded the AF and resulted in a 51.5% CCEP amplitude decrease and the postoperative untraceable AF tract, the time difference of N1 onset latencies was 1.6 ms. A 2.0 ms difference might be a clinically useful cut-off value to identify the dorsal language pathway. In this study, SCEP investigation was performed only after completion of the tumor resection partly because a bipolar electrode probe with 5 mm tip spacing, as used in other ES studies [Duffau et al., 2002; Kamada et al., 2007; Maldonado et al., 2011] , was not available for sequential stimulation during resection. Future studies should seek for its application "during" tumor resection. Neurosurgeons can screen the function of the white matter by highfrequency ES and probe its cortical terminations by singlepulse ES during surgery. Comparison of anatomical distribution (SCEP response sites vs. CCEP stimulus and response sites) and latencies (N1 onset latencies) would be clinically useful to identify the AF.
Finally, we need further studies to establish a solid cut-off value to develop the CCEP monitoring as an efficient intraoperative method for preservation of the dorsal language pathway. We hope our study precedes larger, multicenter collaborative studies to establish unique intraoperative monitoring and tract-tracing methods.
